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Improving the Electrochemical Performance of the Li, Ti;O,, Electrode
in a Rechargeable Magnesium Battery by Lithium-Magnesium Co-

Intercalation®*

Na Wu, Zhen-Zhong Yang, Hu-Rong Yao, Ya-Xia Yin, Lin Gu, and Yu-Guo Guo*

Abstract: Rechargeable magnesium batteries have attracted
recent research attention because of abundant raw materials
and their relatively low-price and high-safety characteristics.
However, the sluggish kinetics of the intercalated Mg*" ions in
the electrode materials originates from the high polarizing
ability of the Mg’ ion and hinders its electrochemical proper-
ties. Here we report a facile approach to improve the electro-
chemical energy storage capability of the Li,TisO, electrode in
a Mg battery system by the synergy between Mg>" and Li" ions.
By tuning the hybrid electrolyte of Mg*" and Li" ions, both the
reversible capacity and the kinetic properties of large Li,Ti;O,,
nanoparticles attain remarkable improvement.

With growing concern over issues of environmental and
sustainable energy supply, researchers have begun to focus on
developing clean green-energy storage systems!!! with higher
volumetric energy density, lower price, and improved safety.
Rechargeable Mg batteries could be a candidate of cost-
effective, safe, and environmentally friendly battery sys-
tems.”) However the development of Mg system suffers from
several serious limitations, such as metallic Mg/electrolyte
incompatibility and the sluggish kinetics of intercalating Mg**
ions in solid electrode hosts originating from the high
polarizing ability of Mg>* cations.!

Only a few metal/alloy anode and ion insertion-type
anode materials'” exhibiting reasonable discharge capacity
and cycling endurance have been developed during the last
decade. Spinel Li, TisO,, (LTO) is known to be a “zero-strain”
ion insertion-type anode material for both Li and Mg

[*] N. Wu, H.-R. Yao, Dr. Y.-X. Yin, Prof. Y.-G. Guo
CAS Key Laboratory of Molecular Nanostructure and
Nanotechnology
Beijing National Laboratory for Molecular Sciences
Institute of Chemistry, Chinese Academy of Sciences (CAS)
Beijing 100190 (P. R. China)
E-mail: ygguo@iccas.ac.cn
Z.-Z. Yang, Prof. L. Gu
Beijing National Laboratory for Condensed Matter Physics
Institute of Physics, Chinese Academy of Sciences (CAS)
Beijing 100190 (P. R. China)

This work was supported by the National Natural Science
Foundation of China (grant numbers 51225204, 21303222, and
21127901), the National Basic Research Program of China (grant
numbers 2011CB935700 and 2012CB932900), and the “Strategic
Priority Research Program” of the Chinese Academy of Sciences
(grant number XDA09010000).

@ Supporting information for this article, including detailed descrip-
tions of materials synthesis and characterizations including XRD,
TEM, STEM, EDS, SEM, and DFT calculations, is available on the
WWW under http://dx.doi.org/10.1002/anie.201501005.

[7‘: *

Angew. Chem. 2015, 127, 5849 —5853

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ions.“*>l However using a LTO anode for a rechargeable
Mg battery also faces the problem of kinetically sluggish Mg
insertion/extraction and diffusion in electrode materials. As
such Mg insertion behavior into LTO nanoparticles (LTO
NPs) is strongly dependent on size.*!! The activity of LTO
NPs drops dramatically with the increase of particle size.
Worse, LTO NPs with particle sizes larger than 100 nm are
negligible in Mg battery systems. Thus, exploring appropriate
approaches for increasing the kinetics of ion insertion-type
electrode materials with large particle size, which has more
practical advantages, is highly desired in Mg batteries.
Considering that the ionic radius of Li" is very close to that
of Mg?" and the standard reduction potential is lower than
that of Mg”", it could reach higher voltages than the Mg
counterpart. If Li* is introduced into the Mg system, the
whole system could synergistically exploit the advantages of
Mg>" and Li*, which has been validated on a MogSg cathode
material.’! In this work, we report a facile approach to
eliminate the size dependencies of LTO electrodes during Mg
insertion/extraction, resulting in electrode materials with
large particle sizes (larger than 100 nm) useful in Mg
batteries. Density functional theory calculations reveal pos-
sibilities for the thermodynamics of Mg*" and Li* co-insertion
into large sized LTO electrodes and experimental investiga-
tions show that the electrochemical behavior of large sized
LTO electrodes combining Mg and Li electrochemistry in Mg
battery systems is dependent on the lithium salt concentration
in the electrolytes. Tuning the Li" activity in the electrolyte
properly results in large LTO NPs indicating excellent
electrochemical performances in terms of specific capacity,
cycling performance, and especially rate performance.

First abinitio calculations are used to examine the
thermodynamics underlying the co-insertion of Mg and Li
into LTO. In the Li battery, the LTO electrode will turn to
Li;TisOy,, written as Lig[TisLi]'®O,,, for describing the
distribution of atoms at fully discharged state. Based on the
conclusion of previous work,*! Mg,[TisLi]'**O, is produced
in the Mg battery. The microscopic process of Mg/Li co-
insertion into LTO indicates two possible mechanisms which
are the formation of [Mg,Lis ;s,]%""*[TisLi]'*O,, (solid-
solution reaction) or the separation of [Mg,]***'*[Ti;Li]'*O,
and [Lig]®*'%[TisLi]'*-O,, (phase separation reaction),
respectively. To study the Li/Mg distribution in the electrode,
the formation energy of [Mg,Lis_s,]*%'*[TisLi]'*O,, are
calculated, which is defined as Equation (1).

Ero =E{ [MgnLisq.Sn]savmc [TisLi] lédou}
—n E{[Mgzz]gmac[TisLi]mOlz}/‘L 1)
—(4-n) E{[Li¢]**'*[TisLi]'**O,, } /4
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The results shown in Figure 1 indicate that the phase
separation reaction is energetically favorable. The discussion
above is based on the supposition that Mg/Li co-insertion/
extraction can occur in LTO. Whether the threshold value of
voltage of Li insertion/extraction occurs during the stable
electrochemical window of the Mg*" electrolyte is the key of
Mg/Li co-insertion/extraction. Such a result is predicted by
the calculation of insertion/extraction voltage of Li. For the
phase separation property on Mg/Li insertion into LTO, the
reaction of Li insertion/extraction can be expressed as
Li,TisOy, + 3Li" 4+ 1.5Mg—Li;TisOp, + 1.5 Mg*"  (V=—AG/
3F, where AG is the change of the free energy between
products and reactants and F is the Faraday constant).
GM") ~nFeyn. + E(M) (Where &y is the standard reduc-
tion potential for M metal). The difference between the Gibbs
energy and the total energy is neglected for solid phases. Thus
the voltage can be calculated by Equation (2),

V = —[E(Li;TisO,,)— E(Li, TisO1,) =3 E(Liye.) + 3 F(ewg —&1i0 )] /3 F
)

where E(Liy.) is the energy of one Li atom in the body-
centered cubic (bcc) metal structure. The calculated voltage
of Li insertion/extraction versus Mg*"/Mg is approximately
0.92'V, which occurs during the testing voltage range. The
DFT calculation demonstrates that Li/Mg co-insertion/co-
extraction into the LTO electrode in the Mg battery system is
feasible in theory.

Figure 2 a displays the electro-
chemical performance of the as-
prepared LTO (see Figure S1 in 25r
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Figure 1. The formation energy of [Mg,Lis_, 5,]**"'*[TisL]'®O,, calcu-
lated by Equation (1; f.u.”' = per formula unit).

as demonstrated by a small capacity decay of 0.01 % per cycle
over 500 cycles (Figure 2b). Larger LTO particle sizes results
in a more notable improvement of Li* on the LTO/Mg system
(Figures S2 and S3). Notably, LTO NPs with particle sizes
larger than 100 nm, which are inactive in the Mg battery with
a pure Mg®" electrolyte, show a high capacity of nearly
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the Supporting Information) in
Mg batteries with a range of
different Li ion-containing
Mg(AICLBuEt,),/THF 0.25Mm
electrolytes. The concentration of
LiCl in the electrolyte varies from
0 to 0.5M. The charge—discharge
capacity of LTO in the Mg system
with pure Mg*" electrolyte is
lower than 70mAhg™' because
of the size limitation on the Mg
storage performance in LTO.
After tiny amounts of Li* are
added into the Mg*" electrolyte,
the capacity is nearly unchanged.
Clearly, the electrochemical prop-
erty of LTO grows gradually along
with the increase in the LiCl
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improvement is 0.05M. Surpris- 00 08 10
ingly, when the Li* concentration
equals to the optimized concen-
tration (0.25M), the capacity
reaches 175mAhg'. Further-
more the LTO/Mg system with
Mg**/Li* mixed salt electrolyte
shows excellent cycling properties,
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Figure 2. a) Charge—discharge characteristics of the LTO/Mg system with different electrolytes.

b) Cycling performance of the cell in 0.25m LiCl-0.25 M Mg(AICI,BuEt,),/THF electrolyte cycled under
¢) Cyclic voltammograms (CVs) of the cells with different electrolytes
for the 11" cycle. d) Ex situ XRD patterns of the LTO electrodes at different charged/discharged states
where: i) The mixture of super-P/PVDF was used to prepare the working electrode and a Kapton film
was used to cover the electrode. ii) The as-prepared electrode. iii) The electrode at the 20th fully
discharged state. iv) The electrode at the 20th fully charged state.
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175 mAhg ™ in a Mg battery with Mg/Li mixed salt electro-
lyte (Figure S3). The results indicate that when the Li*
concentration in Mg*" electrolyte increases to 0.05m, Li"
becomes important in improving the performance of large
LTO NPs in the Mg system.

To further discuss the effects of Li* added into the
electrolyte on the reversibility of the LTO electrode, cyclic
voltammetry (CV) tests of LTO electrodes with average
particle sizes of 15-20 nm were conducted in different
electrolytes, which are shown in Figure 2¢ and Figure S4.
With the pure Mg®" electrolyte, all of the characteristic peaks
caused by Mg*" inserting into/extracted from the LTO are
also well consistent with the previously reported ones!*!
(Figure S4a). The brief reaction mechanism is described in
Equations (3)-(5).

2Li,Ti;Op, + 4Mg?* + 8¢~ — Li,Ti;O,, + Mg, LiTi;O,,

(discharge process)

3)

3Li;TisOp, + 5Mg,LiTisOp, — 18Li* + 18e~ + 8 Mg, ;LiTisO,,

(charge process)

Mg, LiTisO,, < Mg;,sLiTisOy, 4+ 0.75Mg*" +1.5¢~
(half-deintercalated state, 0 < x < 2.5)
— Mg, sLiTisOy, + 1.5Mg>" +3e”
(fully deintercalated state, 0 < x < 2.5)

)

When 0.25M LiCl is added to the Mg(AIClL,BuEt,),/
THF electrolyte, a sharp oxidation peak (Figure S4b) at
0.98 Vappears in the 1st CV curve. The result is in good
agreement with the calculated voltage of 0.92 V. For the
subsequent cycle, the oxidation peak centered at 0.8 V
and the reduction peak at 0.5 V grows sharply, whereas
the oxidation peak at 1.7 V and the reduction peak at
0.7 V indicate almost no change (Figure S4b). These
phenomena are shown more clearly in the comparison
of the CV curves for the 11th cycle with the above two
kinds of electrolytes (Figure 2¢). This implies that in
the Mg*'/Li* mixed salt electrolyte, the characteristic
oxidation/reduction peaks caused by Mg** have not
changed and the dramatic growth peaks at 0.5 and
0.8V can be attributed to Li" inserting in/extracted
from LTO with Mg”", respectively. Different from that
with the pure Mg*" electrolyte, the activation process of
LTO in Mg*"/Li" mixed salt electrolyte becomes
inconspicuous because of the contribution of Li*. The
electrochemical reaction occurring in LTO consists of
two parts. One is for the Li* intercalation/de-interca-
lation and the other is for the Mg”" insertion/extraction
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different charged/discharged states were recorded (Fig-
ure 2d). The results show that the XRD pattern is insensitive
to subtle structural changes owing to the “zero-strain”
characteristic of LTO during Mg*'/Li" insertion/extrac-
tion.***! Recently, the scanning transmission electron micros-
copy (STEM) technique has been used to investigate the
Mg®" and Li" insertion/extraction mechanism in LTO and
other materials.**”! We also use STEM techniques to further
study the Mg®/Li" co-insertion/extraction processes.

Figure 3a and b shows the LTO (Li4) lattice and the
corresponding high-angle annular dark field (HAADF) and
annular bright field (ABF) STEM images viewed along the
[110] direction, respectively. By comparing the repeat unit in
Figure 3b with that in Figure 3 a, the 32e oxygen sites and 16d
titanium sites can be clearly seen in the HAADF image.
Considering that Li4 and Li,TisO,, (Li7) have an almost
identical [TisLi]'**O,, host, they are nearly indistinguishable
in the HAADF images without contrast in the Li columns.
However, in the ABF images and corresponding line profiles,
the Li contrasts can be identified by the 8a (Figure 3b) and
16c sites (Figure 3¢) for Li4 and Li7, respectively. In Fig-
ure 3d, a significant contrast is observed at the 16c site,
meaning that atoms with a large atomic number, Z, emerged
at the 16c¢ sites. The corresponding line profile gives a much

Intensity

00 02 04 06 08 10
Distance (nm)

Intensity

of LTO. The mechanism could be established as shown
in Equations (3)-(5) and Equation (6).

0.0

Li,Ti;Op, + 3Li* + 3¢~ « Li;Ti;O,, (6)

02 04 06 08 10 00 02 04 06 08 10
Distance (nm) Distance (nm)

Figure 3. a) Schematic lattice of spinel Li4 viewed from the [110] zone axis,

where the Ti, O, and Li columns are highlighted with light blue, red, and dark

To confirm the electrochemical reaction occurring
in the LTO/Mg system with Mg*"/Li* mixed salt
electrolyte combining Mg and Li electrochemistry,
exsitu X-ray diffractograms of LTO electrodes at
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blue, respectively. b) HAADF, ABF images and ABF line profile for Li4 phase.
c) The sample at the fully discharged state with the Li7 phase and d) Mg4Li
phase. The Mg column is highlighted with green. Note that the image contrast
of the dark dots is inverted and displayed as peaks in the ABF line profile. The
scale bar equals 1 nm.
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charge—discharge capacity at 15 mAg ' and
a 12 times higher charge—discharge capacity
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2 " 2 at 300mAg'. These remarkable results
& g inspire us to use this simple method to
X 10 .
f " f design a new battery system and develop
q:,, ;.', other new electrode materials, which are
g % g ® inert in the Mg battery.
= R s = In conclusion, we have successfully real-
R R R R ) 00 ized the LTO electrode material with a large
Specific Capacity (mA h g7) particle size to be useful in a Mg battery
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Figure 4. Charge—discharge characteristics of the LTO electrode in rechargeable Mg
batteries with different electrolytes under 15 mAg™' (a,b) with pure Mg?" electrolyte (a)
and with Mg?"/Li™ mixed salt electrolyte (b). c) Comparison of cycling performance of the
cells cycled under 15 mAg™'. d) Comparison of the rate capabilities of the LTO electrode in

different cells.

clearer picture of the Mg?" position. After the Li4 electrode
was discharged to 0 V in the Mg system with Mg*"/Li" mixed
ion electrolyte, the Li7 (Figure3c) and Mg4Li phases*!
(Figure 3d) are observed at the same time. The direct
observation of the two-phase coexistence interface (see
Mg4Li/Li7 in Figure S5) agrees well with the completion of
the insertion process. These observations confirm that the
electrochemical reaction combines Mg and Li electrochem-
istry in LTO/Mg systems with Mg**/Li" mixed ion electrolyte.

The charge—discharge capacity of the LTO with pure Mg*"
electrolyte for the 1st cycle is only 25 and 35mAhg!,
respectively (Figure 4a). Even after the activation process,
the charge—discharge capacity is still lower than 70 mAhg™".
Surprisingly after addition of 0.25M LiCl to the electrolyte
(Figure 4b), the activity of the Mg*" ions is obviously
improved and the LTO sample delivers a discharge capacity
of 190 mAhg™! for the Ist cycle, which is 5.5 times that of the
sample with pure Mg?" electrolyte. When the cell is stabilized,
the reversible capacity is approximately 175 mAhg™', which
is close to the theoretical value of LTO, and the capacity
because the contribution of Mg®" intercalation gets to more
than 90 mAhg'. Furthermore the LTO/Mg system with
Mg*"/Li" mixed salt electrolyte is highly stable (Figure 4c).
After cycling for 167 days, the reversible capacity maintains
175 mAhg™' with a Coulombic efficiency of nearly 100 %.
Even under a high current density of 300 mA g, the specific
capacity of LTO in the Mg system with Mg*/Li* mixed salt
electrolyte (Figure 4d) remains at 120 mAhg™', which is
much higher than that with pure Mg*" electrolyte under a low
current density of 15 mA g~'. With a similar LTO/Mg system,
controlling the Mg?" and Li" insertion chemistry by tuning the
Li" activity in the electrolyte leads to a 2.5 times higher

www.angewandte.de

60
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extraordinary cycle stability, high capacity,
and excellent rate capability in rechargeable
Mg batteries. Our proposed strategy could
be an effective method to improve the
electrochemical energy storage capability
of other large sized electrode materials in
rechargeable Mg batteries.
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